Drugs of abuse, such as psychostimulants and opiates, are generally considered as exerting their locomotor and rewarding effects through an increased dopaminergic transmission in the nucleus accumbens. Noradrenergic transmission may also be implicated because most psychostimulants increase norepinephrine (NE) release, and numerous studies have indicated interactions between noradrenergic and dopaminergic neurons through ␣1-adrenergic receptors. However, analysis of the effects of psychostimulants after either destruction of noradrenergic neurons or pharmacological blockade of ␣1-adrenergic receptors led to conflicting results. Here we show that the locomotor hyperactivities induced by D-amphetamine (1-3 mg/kg), cocaine (5-20 mg/kg), or morphine (5-10 mg/kg) in mice lacking the ␣1b subtype of adrenergic receptors were dramatically decreased when compared with wild-type littermates. Moreover, behavioral sensitizations induced by D-amphetamine (1-2 mg/kg), cocaine (5-15 mg/kg), or morphine (7.5 mg/kg) were also decreased in knock-out mice when compared with wild-type. Ruling out a neurological deficit in knock-out mice, both strains reacted similarly to novelty, to intraperitoneal saline, or to the administration of scopolamine (1 mg/ kg), an anti-muscarinic agent. Finally, rewarding properties could not be observed in knock-out mice in an oral preference test (cocaine and morphine) and conditioned place preference (morphine) paradigm.
Psychostimulants, such as D-amphetamine and cocaine, and opiates, such as morphine and heroin, share the ability to cause addiction in humans and to increase release of dopamine (DA) in the nucleus accumbens (Di Chiara and Imperato, 1988; Wise and Rompre, 1989; Pontieri et al., 1995; Koob et al., 1998; Robbins and Everitt, 1999) . The same drugs also induce locomotor hyperactivity in rodents and trigger behavioral sensitization after repeated injections (Kalivas and Duffy, 1987; Vezina, 1993; Robinson and Berridge, 2001) .
Psychostimulants are thought to increase extracellular DA in the nucleus accumbens by blocking or reversing the DA transporter (DAT) located on dopaminergic nerve terminals. However, a number of studies in mice and rats revealed the existence of interactions between ascending noradrenergic and dopaminergic systems (Antelman and Caggiula, 1977; Anisman, 1978, 1979; Tassin et al., 1982 Tassin et al., , 1986 Ogren et al., 1983; Taghzouti et al., 1988; Lategan et al., 1990; Shi et al., 2000) . These interactions may pass through the stimulation of ␣1-adrenergic receptors (␣1-ARs) (Davis et al., 1985; Tessel and Barrett, 1986; Trovero et al., 1992a,b) . Indeed, prazosin, an ␣1-adrenergic antagonist, injected either systemically or locally into the prefrontal cortex, hampers the locomotor hyperactivity induced by D-amphetamine (Snoddy and Tessel, 1985; Dickinson et al., 1988; Blanc et al., 1994; Darracq et al., 1998) . Furthermore, microdialysis studies indicated that the stimulation of cortical ␣1-adrenergic receptors is required to obtain the release, by D-amphetamine, of the functional component of extracellular DA in the nucleus accumbens (Darracq et al., 1998) .
At the opposite, earlier studies led to consider that noradrenergic neurons are not implicated in the behavioral effects of psychostimulants. For example, chemical depletion of ascending noradrenergic neurons only slightly affected acute locomotor response to D-amphetamine (Ogren et al., 1983; Mohammed et al., 1986) , and Woolverton (1987) found that prazosin failed to systematically alter the reinforcing effects of cocaine in rhesus monkeys.
To further test the involvement of noradrenergic neurons in addictive processes and identify the ␣1-AR subtype eventually involved in this phenomenon, we used mice knock-out (KO) for the ␣1b-AR subtype (Cavalli et al., 1997) . As previously reported, these KO mice have no apparent phenotype changes except a decreased phenylephrine-induced blood pressure response. Although neurodevelopmental modifications may occur in KO mice, such a model has the advantage to avoid the use of pharmacological compounds that may be unspecific or, as it is the case for prazosin, may not readily cross the blood-brain barrier (Hess, 1975; Trovero et al., 1992b; Stone et al., 2001 ).
After different biochemical and behavioral controls aimed at verifying that basal dopaminergic activity and motor behavior were similar in ␣1b-AR KO and wild-type (WT) littermates, locomotor responses and behavioral sensitizations induced by D-amphetamine and cocaine were analyzed in both strains. Because a coupling between noradrenergic and dopaminergic transmission may also affect responses to opiates, similar experiments were performed with morphine. Finally, rewarding properties of cocaine and morphine were estimated. Data indicate a critical role of ␣1b-ARs in the development of addictive processes to both psychostimulants and opiates.
MATERIALS AND METHODS Animals
Animals were adult male mice bred at the Institut de Pharmacologie et Toxicologie (Lausanne, Switzerland), weighing 35-45 gm when experiments took place. As described by C avalli et al. (1997) , the genetic background of the mice was a 129/SvXC57BL /6J mixture for both the W T and ␣1b-AR KO mice. T wo of seven chimerical mice, which were mated, gave rise to germ line transmission of the disrupted allele generating heterozygous mice. Heterozygous mice were mated to obtain the homozygous ␣1b-AR ϩ/ϩ (W T) and Ϫ/Ϫ (KO) progeny. For each genotype, mice from different litters were randomly intercrossed to obtain the W T and KO progeny used in this study. Since 1997, this makes at least 40 intercrosses. The mice were never intercrossed with other strains or mated with those from the same litters. Animal experimentation was conducted in accordance with the guidelines for care and use of experimental animals of the European Economic Community (86/809; DL27.01.92, number 116).
Drugs
D-amphetamine sulfate, cocaine hydrochloride, scopolamine hydrobromide, and [Ϯ]-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine (chloro-APB) hydrobromide were purchased from Sigma (L'isle d'Abeau, France) and morphine chlorhydrate from Francopia (Paris, France). Doses are expressed as salts.
Locomotor activity
Mice were introduced in a circular corridor (4.5 cm width, 17 cm external diameter) crossed by four infrared beams (1.5 cm above the base) placed at every 90°(Imetronic, Pessac, France). The locomotor activity was counted when animals interrupted two successive beams and, thus, had traveled a 1/4 of the circular corridor. In each session, the spontaneous activity was recorded for 90 min, before mice received saline or drugs, and their activity was recorded for an additional 60 or 120 min period. The first session was a session of habituation to the experimental procedure during which animals received saline (ϳ3 ml / kg, i.p.). The locomotor response to a drug administration was measured on the next day. Tests were performed between 12:00 and 6:00 P.M. in stable conditions of temperature and humidity.
Autoradiography
Brains were rapidly removed after animal death and frozen in isopentane (Ϫ30°C). Sections (20 M) were cut with a cryostat, mounted onto gelatin-coated glass slides, and stored at Ϫ20°C until incubation. For D1 binding sites, sections were incubated with 3 H-SCH23390 as previously described (Trovero et al., 1992a) . For D2 binding sites, sections were incubated for 60 min at 20°C in Tris-HC l buffer (50 mM, pH 7.4) containing 0.2 nM 125 I-iodosulpride (N EN DuPont, Paris, France), washed five times in ice-cold Tris-HC l buffer (50 mM, pH 7.4), dried, and exposed to 3 H-hyperfilm for 10 d. For DAT binding sites, sections were incubated for 2 hr at 20°C in NaH 2 PO 4 buffer (50 mM, pH 7.4) containing 7.5 nM 3 H-W I N35,428 (N EN DuPont), washed two times in ice-cold NaH 2 PO 4 buffer (50 mM, pH 7.4), dried, and exposed to 3 H-hyperfilm for 15 d. For V M AT binding sites, sections were incubated for 1 hr at 20°C in H EPES buffer (20 mM, pH 8.0) containing 0.3 M sucrose and 2 nM 3 H-dihydrotetrabenazine (Amersham, Orsay, France), washed two times in ice-cold Tris-HC l buffer (50 mM, pH 7.4), rinsed in distilled water, dried, and exposed to 3 H-hyperfilm for 2 months. Autoradiograms were digitized and quantified with a video-imager (ImageQuest video software).
Monoamine tissue contents
Brains were rapidly extracted after animal death and split into two parts in a frontal plane. Anterior parts were frozen in dry ice. Tissue samples were punched out from frontal slices (300 m obtained with a microtome refrigerated at Ϫ12°C) with cooled stainless tubes (an equilateral triangular shape of 3.7 mm side for both sides of prefrontal cortex, and circular shape of 0.9 mm diameter for nucleus accumbens and of 1.4 mm diameter for striatum). Samples were dissolved and sonicated in 150 l of perchloric acid (0.1 N), sodium metabisulfite (0.05%). After centrif ugation, supernatants were used to simultaneously estimate DOPAC, DA, and N E via a column of HPLC coupled to electrochemical detection previously described (Vezina et al., 1992) . Protein quantities were determined from the pellets with the bicinchoninic acid-based method (Smith et al., 1985) .
Adenylyl cyclase assay in vitro
Four microdisks (diameter, 0.9 mm) were punched bilaterally from the central striatum, blown into 200 l of 1 mM Tris-maleate, pH 7.2, containing 2 mM EGTA, pH 7.2, and 300 mM sucrose, and gently homogenized in a Potter Elvehjem apparatus (10 strokes). Adenylyl Salomon et al. (1974) .
Oral consumption
Fluid intake was measured daily by weighing bottles, mice being housed individually. Tested solutions were replaced twice weekly. Cocaine and morphine. For 2 weeks, bottles were filled with cocaine or morphine solution of decreasing concentration (one dose per week; 0.3 mg /ml then 0.2 mg /ml for cocaine and 0.2 mg /ml and 0.15 mg /ml for morphine) instead of water, so that mice would become accustomed to the bitter taste. Replacing water with cocaine produced no significant alteration of mice fluid intake. Replacing water with morphine significantly increased W T fluid intake [97.5 Ϯ 5.0 ml ⅐ kg Ϫ1 ⅐ d Ϫ1 for water vs 117.2 Ϯ 3.9 for morphine (0.15 mg /ml), p Ͻ 0.001; paired Student's t test), but not ␣1b-AR KO fluid intake. Then, to determine mean water consumption and eliminate basal side preference, two bottles of water were given for 3 d to each animal, and basal consumption was calculated as the mean consumption from one bottle on day 2 and the other on day 3. Preference for cocaine (0.2 mg /ml) or morphine (0.15 mg /ml) was then measured over two 12 d sessions, drug and water sides being exchanged between the two sessions. Means of drug and water consumptions were estimated for the last 5 d of both 12 d periods.
Sucrose and quinine. In this case, mice were first exposed for 3 d to two bottles of water to measure basal preference as described above. Then on one side, the bottle was filled with either quinine or sucrose solution, and bottles were exchanged on the next day, the mean consumptions of water and either sucrose or quinine being estimated on a 2 d period. Several concentrations of either quinine or sucrose were tested with the same mice in random order.
Morphine-induced conditioned place preference
Conditioned place preference was measured in a Y maze. Mice were habituated to the experimental apparatus (Imetronic, Pessac, France) for 3 d (1 hr of exploration of the maze with neutral cues, i.e., smooth gray walls and floor). On the next day, animals were allowed to freely explore the two compartments (with different visual and tactile cues) of the maze for 20 min corresponding to a preconditioning test. The total amount of time spent in each compartment was recorded and analyzed as previously described (Valverde et al., 1996) . For the next 8 d corresponding to the conditioning session, mice alternatively received morphine (5 mg / kg, s.c.) in one compartment and saline in the other compartment the next day. According to the unbiased method, morphine was equally associated to both compartments and was given either first or second, mice being confined in one compartment for the 30 min after each injection. One day after the end of the conditioning session, mice were submitted to a postconditioning test identical to the test performed before conditioning, i.e., each mice being allowed to explore both compartments for 20 min. A 4 d conditioning session was added, and a second postconditioning test was performed similar to the first one. L ocomotor activities were recorded with electronic cells in each conditioning session.
Data analysis
Data were analyzed with Student's t test or ANOVA. For behavioral sensitization experiments, correlation between the number of drug injections and the amplitude of the locomotor responses was analyzed with linear regression and the influence of genotype on this correlation with an analysis of covariance. Genotype and prazosin treatments were between-subjects factors. Time, sucrose, and quinine concentration, chloro-APB doses, and number of injections (for behavioral sensitization and morphine-induced C PP) were within-subjects factors. Differences were considered significant when p Ͻ 0.05. Locomotor responses to novelty, saline, scopolamine, and chloro-APB in WT and ␣1b-AR KO mice. A, Locomotor response to novelty was measured every 5 min during the first 50 min mice spent in the experimental apparatus. B, C, Animals were placed in the experimental apparatus for 90 min, received a saline injection, and were replaced in the apparatus for 60 min. On the next day, animals were placed in the experimental apparatus for 90 min, they received an intraperitoneal injection of either saline or scopolamine (1 mg/kg), and their locomotor response was measured every 5 min for 60 min. D, Animals were placed in the experimental apparatus for 90 min, received a saline injection, and were replaced in the apparatus for 60 min. On the following days, animals were placed in the experimental apparatus for 90 min, they received an intraperitoneal injection of chloro-APB, and their locomotor response was measured every 5 min for 60 min. Several doses of chloro-APB were tested on consecutive days in a random order. Groups of 8 -14 animals were used in all of these experiments ( A-D). 
RESULTS

Prazosin binding sites in the brain of WT and ␣1b-AR KO mice
Distributions of 3 H-prazosin binding sites on coronal brain sections were compared between WT and ␣1b-AR KO mice (Fig.  1 A) .
3 H-prazosin binding pattern in WT brains was similar to those previously described (Trovero et al., 1992b) , with particularly high densities in the layer III of the cerebral cortex and in the thalamus. For ␣1b-AR KO mice, binding densities were dramatically decreased in these regions (Ϫ88% in cortical layer III and Ϫ97% in thalamus, compared with WT, p Ͻ 0.001, Student's t test), and the typical pattern of prazosin binding was lost.
Equivalent basal dopaminergic transmission in the brain of WT and ␣1b-AR KO mice
Striatal distributions (Fig. 1 B) and densities (Fig. 1C ) of D1 and D2 DA receptors, as well as DA and vesicular monoamine transporters measured by autoradiography with specific radioactive ligands revealed no significant difference between WT and ␣1b-AR KO animals. Furthermore, the sensitivity of striatal D1 DA receptor to DA measured by in vitro adenylyl cyclase assay was unaltered in ␣1b-AR KO mice (Fig. 1 D) . Finally, tissue contents of NE, DA, and DOPAC in the prefrontal cortex, nucleus accumbens, and striatum of WT and ␣1-AR KO mice were equivalent (Table 1) . DOPAC-DA ratios were unmodified, suggesting that basal DA utilization was the same in WT and ␣1b-AR KO brains.
Equivalent locomotor responses to novelty, saline injection, scopolamine, and chloro-APB in WT and ␣1b-AR KO mice
No significant difference was observed between WT and ␣1b-AR KO mice when their locomotor activity was recorded immediately after their first introduction in the experimental apparatus [time ϫ genotype: F (10,220) ϭ 0.92, p ϭ 0.52; genotype: F (1,220) ϭ 0.03, p ϭ 0.86; two-way repeated measures (RM) ANOVA] (Fig. 2 A) .
Furthermore, basal locomotor responses of WT and ␣1b-AR KO mice to an intraperitoneal saline injection were similar (Fig.  2 B) (time ϫ genotype: F (11,242) ϭ 1.21, p ϭ 0.283; genotype: F (1,242) ϭ 0.01, p ϭ 0.92; two-way RM ANOVA).
The stimulatory effect of scopolamine (1 mg/kg, i.p.), a centrally acting muscarinic antagonist known to act independently from catecholaminergic transmission (Joyce and Koob, 1981; Blanc et al., 1994) (Fig. 2C ) was equivalent in WT and ␣1b-AR KO mice (time ϫ genotype: F (11,209) ϭ 1.63, p ϭ 0.092; genotype: F (1,209) ϭ 0.32, p ϭ 0.58; two-way RM ANOVA).
Finally, chloro-APB, a D1 receptor agonist, dose-dependently increased locomotor activity of WT mice (F (3,21) ϭ 9.08; p Ͻ 0.001; one-way RM ANOVA). Similar effects were observed in ␣1b-AR KO mice (F (3,21) ϭ 18.7; p Ͻ 0.0001; one-way RM ANOVA). No significant differences were observed in the amplitudes of locomotor responses to chloro-APB between WT and ␣1b-AR KO mice (dose ϫ genotype: F (3,28) ϭ 0.66, p ϭ 0.58; genotype: F (1,28) ϭ 0.0, p ϭ 0.95; two-way RM ANOVA) (Fig. 2 D) .
Altogether, these data suggested that ␣1b-AR KO mice were devoid of gross neurological deficits and were therefore suitable to analyze the role of ␣1b-ARs in the responses to psychostimulants and opiates.
Reduced locomotor response of ␣1b-AR KO mice to D-amphetamine, cocaine, and morphine D-amphetamine, cocaine, and morphine induced a dosedependent stimulation of locomotor activity in WT mice (Damphetamine: F (3,30) ϭ 14.9, p Ͻ 0.0001; cocaine: F (3,33) ϭ 9.3, p ϭ 0.0001; morphine: F (3,30) ϭ 19.0, p Ͻ 0.0001; one-way ANOVA) (Fig. 3A) . In ␣1b-AR KO mice, these drugs also in- creased locomotor activity (D-amphetamine: F (3,32) ϭ 9.19, p Ͻ 0.001; cocaine: F (3,28) ϭ 3.65, p Ͻ 0.05; morphine: F (3,32) ϭ 14.0, p Ͻ 0.0001; one-way ANOVA). However, amplitudes of locomotor responses were significantly lower in ␣1b-AR KO mice compared with WT animals For D-amphetamine, amplitude of locomotor response was significantly altered by genotype, depending on the dose of D-amphetamine (genotype ϫ dose: F (2,47) ϭ 5.63, p Ͻ 0.05; genotype: F (1,47) ϭ 17.26, p Ͻ 0.0001; two-way ANOVA), and locomotor activity of ␣1b-AR KO were significantly lower in response to 2 and 3 mg/kg D-amphetamine ( p Ͻ 0.01 and p Ͻ 0.05, respectively; Student's t test).
For cocaine, amplitude of locomotor response was significantly altered by the genotype, and the effect was independent of the dose of cocaine (genotype ϫ dose: F (2,46) ϭ 2.16 p Ͼ 0.05; genotype: F (1,46) ϭ 14.3, p Ͻ 0.001; two-way ANOVA).
For morphine, amplitude of locomotor response was significantly altered by the genotype, and the effect was independent of the dose of morphine (genotype ϫ dose: F (2,40) ϭ 1.22 p Ͻ 0.05; genotype: F (1,40) ϭ 6.9, p Ͻ 0.05; two-way ANOVA). In the course of these experiments we observed that, in KO mice, morphine induced a stereotyped walking behavior identical to that described after local perfusion of opiates in the nucleus accumbens. These responses, considered to be independent of the increased local release of DA (Castellano et al., 1976; Pert and Sivit, 1977; Kalivas et al., 1983) , suggest the existence of at least two components in morphine-induced locomotor hyperactivity.
Effects of prazosin on the locomotor responses of WT and ␣1b-AR KO mice to D-amphetamine, cocaine, and morphine
Because highest doses tested of D-amphetamine (3 mg/kg), cocaine (20 mg/kg), and morphine (10 mg/kg) significantly increased locomotor activity in KO mice, effects of prazosin (1 mg/kg) were measured in these conditions in WT and KO mice (Fig. 4) . Prazosin significantly reduced the locomotor responses of WT mice to D-amphetamine ( p Ͻ 0.01, Student's t test), Figure 4 . Prazosin effect on the locomotor responses of WT and ␣1b-AR KO mice to D-amphetamine, cocaine, and morphine. Animals were placed in the experimental apparatus for 150 min, and they received two saline injections after 60 and 90 min spent in the corridor. On the next day, animals were placed in the experimental apparatus for 60 min, they received an intraperitoneal injection of either saline or prazosin (1 mg/kg), and they were replaced in the corridor for 30 min. Then, they received an intraperitoneal injection of D-amphetamine, cocaine, or morphine, and their locomotor response was measured every 5 min for 60 or 120 min. Independent groups of animals were used for each treatment to avoid eventual behavioral sensitization (N ϭ 6 -12 per group). Locomotor responses measured during the first hour after the injection are presented in histograms in A, and time courses are illustrated in B. *p Ͻ 0.05 and **p Ͻ 0.01 when locomotor responses after prazosin pretreatment were significantly different from locomotor responses after saline pretreatment (Student's t test).°p Ͻ 0.05 significantly different from WT mice locomotor responses (Student's t test).
cocaine ( p Ͻ 0.01, Student's t test) and morphine ( p Ͻ 0.05, Student's t test) but failed to modify the locomotor responses observed in ␣1b-AR KO mice. Moreover, prazosin pretreatment abolished the locomotor differences between WT and ␣1b-AR KO mice (Fig. 4) . This suggests that the inhibitory influence of prazosin observed in WT mice is solely attributable to the blockade of ␣1b-ARs and that locomotor differences between WT and KO mice are directly caused by the absence of ␣1b-AR in KO mice rather than to secondary neurodevelopmental deficits. Interestingly, after morphine administration, the stereotyped walking behavior previously described in KO mice was also observed in WT pretreated with prazosin.
Locomotor sensitization induced by repeated administration of D-amphetamine, cocaine, or morphine in WT and ␣1b-AR KO mice
For saline, locomotor responses decreased significantly with repeated injections in both WT (Ϫ5.3 Ϯ 2.1, F (1,46) ϭ 6.4, p ϭ 0.015) and ␣1b-AR KO mice (Ϫ5.9 Ϯ 2.2, F (1,45) ϭ 7.4, p ϭ 0.009). The rates of decrease were similar in both strains (F (1,91) ϭ 0.039, p ϭ 0.84).
Repeated treatments with D-amphetamine (1-2 mg/kg), cocaine (5-15 mg/kg), or morphine (7.5 mg/kg) led to a progressive increase in the locomotor responses of WT animals that was correlated with the number of drug administrations. The rate of sensitization was evaluated by determining the slope of the response per number of injections curve (Fig. 5) .
For morphine (7.5 mg/kg), locomotor response increased significantly with repeated injections in WT mice (146.7 Ϯ 51.4, F (1,63) ϭ 8.11, p ϭ 0.006), but not in ␣1b-AR KO mice (38.17 Ϯ 19.48, F (1,81) ϭ 3.840, p ϭ 0.0535).
For cocaine (5 mg/kg), locomotor response increased significantly with repeated injections in WT mice (slope: 101.0 Ϯ 47.4, F (1,27) ϭ 4.52, p ϭ 0.042), but not in ␣1b-AR KO mice (Ϫ0.155 Ϯ 20.96, F (1,40) Ͻ0.0001, p ϭ 0.99). For cocaine (15 mg/kg), locomotor response increased significantly with repeated injections in both WT (198.2 Ϯ 48.19, F (1, 38) ϭ 16.92, p ϭ 0.0002) and ␣1b-AR KO mice (102.8 Ϯ 19.37, F (1,47) ϭ 28.14, p Ͻ 0.0001), and the rates of sensitization differed significantly between strains (F (1,85) ϭ 3.96, p ϭ 0.049).
For D-amphetamine (1 mg/kg), locomotor response increased significantly with repeated injections in WT mice (179.8 Ϯ 69.1, F (1,33) ϭ 6.8, p ϭ 0.014) but not in ␣1b-AR KO mice (33.4 Ϯ 17.7, F (1,34) ϭ3.5, p ϭ 0.07). For D-amphetamine (2 mg/kg), locomotor response increased significantly with repeated injections in both WT (265 Ϯ 71, F (1,46) ϭ13.69, p ϭ 0.0006) and ␣1b-AR KO mice (104.4 Ϯ 31, F (1,46) ϭ 10.98, p ϭ 0.0018). However, the rate of sensitization was lower in ␣1b-AR KO than in WT mice (F (1,92) ϭ 4.23, p ϭ 0.042).
For both WT and ␣1b-AR KO mice, we also compared the locomotor responses of naive and drug-treated mice (Fig. 6) . In WT mice, locomotor responses of animals pretreated with drugs were higher than locomotor responses of naïve animals, for all drugs tested. In KO mice, there was no significant difference in the locomotor responses of naive and drug-treated mice for cocaine (5 mg/kg). For other doses and other drugs tested, locomotor responses of drug-treated mice were higher than locomotor responses of naive animals. However, locomotor responses of ␣1-AR KO drug-treated mice were significantly lower than those of WT drug-treated mice.
Rewarding properties of cocaine and morphine in WT and ␣1b-AR KO mice
Rewarding properties of cocaine and morphine were assessed in a two-bottle choice paradigm adapted from the method described by Ferraro et al. (2000) for cocaine and Borg and Taylor (1994) for morphine. In this test, WT and ␣1b-AR KO mice consumptions of cocaine and morphine were different. WT mice exhibited Figure 5 . Induction of locomotor sensitizations by repeated administration of D-amphetamine, cocaine, and morphine in WT and ␣1b-AR KO mice. Animals spent 90 min in the experimental apparatus, received a saline injection, and were replaced in the apparatus for 60 min. On the next day, they spent 90 min in the experimental apparatus, they received an intraperitoneal injection of saline, morphine, cocaine, or D-amphetamine, and their locomotor response was measured for 60 or 120 min. Four similar sessions took place every other day. The sixth session took place after a 10 d withdrawal. Locomotor responses measured during the first hour after each injection are presented in function of the number of injections, and slope values are given in Results. N ϭ 6 -15 animals per group. a preference for cocaine ( p Ͻ 0.05) but not for morphine, whereas KO mice displayed an aversion for both drugs ( p Ͻ 0.01 and p Ͻ 0.05, respectively for cocaine and morphine) (Fig. 7, top) .
No significant difference could be found between the two groups of animals for either sucrose preference (genotype: F (1,64) ϭ 1.04, p ϭ 0.31; concentration ϫ genotype: F (2,64) ϭ 0.11, p ϭ 0.89; two-way RM ANOVA), or quinine aversion (genotype: F (1,64) ϭ 0.4, p ϭ 0.53; concentration ϫ genotype: F (2,64) ϭ 0.28, p ϭ 0.75; two-way RM ANOVA) (Fig. 7, bottom) , indicating that differences observed between genotypes were not related to differences in taste perception.
Because W T mice did not exhibit a clear preference for morphine in the oral consumption test, rewarding properties of morphine (5 mg / kg, s.c.) were also tested in the conditioned place preference (C PP) paradigm. A significant C PP was induced by morphine in W T ( p Ͻ 0.05) but not in KO mice (Fig.  8, top) .
Locomotor activity was recorded during the conditioning sessions after either saline or morphine injection. In WT animals, differences between locomotor responses to saline and morphine were significantly influenced by the number of injections (treatment ϫ number of injections: F (5,50) ϭ 7.316, p Ͻ 0.001; two-way RM ANOVA). In KO mice, no significant difference between locomotor responses to saline and morphine was observed (treatment: F (1,60) ϭ 0.0155, p ϭ 0.903; treatment ϫ number of injections: F (5,60) ϭ 1.581, p ϭ 0.179). This indicated that, in these conditions, repeated morphine injections induced a behavioral sensitization in WT but not in KO mice (Fig. 8, bottom) .
DISCUSSION
Our data show that ␣1b-ARs control acute and sensitized locomotor effects, as well as rewarding properties, of compounds belonging to the two main classes of drugs of abuse, psychostimulants and opiates, and considered as exerting their addictive properties through an increased release of DA in the nucleus accumbens. These conclusions can be drawn from differences obtained in the locomotor hyperactivity, behavioral sensitization, and rewarding processes induced by D-amphetamine, cocaine, and morphine in WT and ␣1b-AR KO mice.
Locomotor responses and behavioral sensitization to D-amphetamine, cocaine, and morphine
Locomotor effects of acute D-amphetamine, cocaine, and morphine were dramatically reduced in ␣1b-AR KO mice. This decrease directly resulted from the absence of ␣1b-AR in KO mice because pretreatment with prazosin abolished differences observed between WT and ␣1b-AR KO mice. Locomotor activities measured in basal conditions or in response to novelty exposure, scopolamine, or a D1 agonist were identical in both strains. This suggests that ␣1b-AR KO mice do not suffer from a nonspecific locomotor deficit. Nevertheless, the possibility that these KO mice have developed compensatory mechanisms cannot be completely excluded.
D-amphetamine, cocaine and morphine, however, still induced locomotor responses in ␣1b-AR KO mice. This indicates that ␣1b-adrenergic transmission greatly enhances but is not abso- lutely required to obtain locomotor responses to psychostimulants and opiates.
Locomotor responses to psychostimulants observed in KO mice could be attributed to a direct action of the drugs in the nucleus accumbens onto the dopaminergic nerve terminals (Delfs et al., 1990; Vezina et al., 1991; Darracq et al., 1998) . In the case of morphine, experiments performed in WT mice in presence of prazosin suggest that a specific locomotor hyperactivity independent of the increased release of catecholamines (Pert and Sivit, 1977; Kalivas et al., 1983 ) is induced by local stimulation of opioid receptors in the nucleus accumbens (Tempel and Zukin, 1987; Dilts and Kalivas, 1989) . After that line, only the morphineinduced locomotor hyperactivity related to an increased release of DA would be dependent on the stimulation of ␣1b-ARs.
Our results also show that, during the repeated administration of either psychostimulants or morphine, locomotor responses of ␣1b-AR KO mice became less sensitized than those of WT animals, suggesting that ␣1b-adrenergic transmission is also involved in the induction and/or in the expression of the sensitized locomotor response. These data are in agreement with previous experiments performed in rats showing that prazosin blocks not only the expression but also the induction of behavioral sensitization to low doses of D-amphetamine (0.75 mg/kg) and cocaine (5 mg/kg) (Drouin et al., 2002) and reduces the expression of the behavioral sensitization induced by morphine .
Altogether, these data indicate that expression of behavioral sensitization to psychostimulants and opiates is affected in ␣1b-AR KO mice but that, at least in these KO mice, other pathways than those involving ␣1b-ARs allow a partial development of this process.
Rewarding effects of cocaine and morphine in ␣1b-AR KO mice
Wild-type and KO mice were submitted to an oral preference test, a procedure independent of drug-induced locomotor hyperactivity. KO mice exhibited an aversion for cocaine and morphine, and WT mice exhibited a preference for cocaine and no choice for morphine. This suggests that cocaine and morphine exert a combination of rewarding and aversive effects and that rewarding effects of both drugs are suppressed in KO mice. Indeed, subcutaneous administration of morphine induced a conditioned place preference in WT mice, but not in KO mice, indicating that ␣1b-AR KO mice may be less sensitive to the rewarding effects of morphine.
How may ␣1b-ARs interact with dopaminergic neurons?
Electrophysiological observations showed that systemic prazosin hampers bursting activities of ventral tegmental area (VTA) dopaminergic neurons (Grenhoff and Svensson, 1993) . More recently, it was shown that systemic reboxetine, a specific inhibitor of the NE transporter (NET), increases the burst firing of VTA-DA cells (Linner et al., 2001) . Excitatory input may be provided by glutamatergic afferents, regulated by ␣1b-ARs, and originating from several areas, including the prefrontal cortex (Gariano and Groves, 1988; Sesack and Pickel, 1992; Chergui et al., 1993; Darracq et al., 1998) . This effect, however, is likely to be indirect (Carr and Sesack, 2000) and could pass through the nucleus accumbens (Darracq et al., 2001 ). D-amphetamine and cocaine increase NE release in the prefrontal cortex (Florin et al., 1994) and may facilitate indirectly dopaminergic transmission in the nucleus accumbens by increasing the stimulation of prefrontocortical ␣1b-ARs.
It has also been shown that ␣1b-ARs are highly expressed in medial and dorsal raphe nuclei (Pieribone et al., 1994; Day et al., 1997) , where cell bodies of serotonergic neurons are located. Therefore, it cannot be excluded that the serotonin system serves as an intermediate between psychostimulant-induced NE release and observed behavioral effects.
Behavioral sensitization to psychostimulants can be partly attributable to stimulation of ␣1b-ARs located either in the VTA (Vezina, 1993; Miner et al., 2001) or in the prefrontal cortex, the latter interacting with cortical D1 receptors (Gioanni et al., 1998) present on the same efferent glutamatergic neurons than those that innervate VTA Lu et al., 1997) . Indeed, Li et al. (1999) recently indicated that the cocaine-induced sensitization is under the control of cortical glutamatergic efferents.
Morphine does not increase NE release but, at the opposite, partly inhibits the electrical activity of locus coeruleus noradrenergic neurons (Korf et al., 1974) and stimulates VTA-DA neurons via an inhibition of the GABAergic interneurons in contact with dopaminergic cells in the VTA (Johnson and North, 1992) . Our data therefore indicate that, even when VTA-DA neurons are disinhibited by morphine, the functional effect of DA is still controlled by ␣1b-ARs. This was recently confirmed in experi- Figure 7 . Oral consumption of cocaine, morphine, sucrose, and quinine in a two-bottle choice paradigm in WT and ␣1b-AR KO mice. Consumption of water, cocaine (0.2 mg/ml), morphine (0.15 mg/ml), and different concentrations of sucrose and quinine were measured in a two-bottle choice paradigm, as described in Materials and Methods, and were expressed in percentage of total fluid intake. N ϭ 7-9 animals per group. *p Ͻ 0.05, **p Ͻ 0.01 when cocaine or morphine consumption significantly differed from water consumption (paired Student's t test).°p Ͻ 0.05,°°°p Ͻ 0.001 when consumption of ␣1b-AR KO mice significantly differed from consumption of WT mice (unpaired Student's t test).
ments showing that local injection of prazosin into the rat prefrontal cortex inhibits morphine-induced locomotor hyperactivity .
Previous microdialysis experiments performed in rats in presence of prazosin (Darracq et al., 1998) suggest that behavioral deficits observed in mice lacking ␣1b-ARs in response to D-amphetamine, cocaine, and morphine are caused by an absence of increased release of functional DA in the nucleus accumbens (Darracq et al., 2001) . Indeed, data obtained in ␣1b-AR KO mice do not result from an alteration in basal dopaminergic transmission mice because no significant differences were detected between both strains in the distribution and striatal densities of D1 and D2 receptors, DAT and VMAT, in the DA and DOPAC tissue contents in the prefrontal cortex, the nucleus accumbens and the striatum, in the DA-induced adenylyl cyclase stimulation in the striatum, or in the locomotor response to a D1 agonist.
Interestingly, Carboni et al. (2001) have recently shown in microdialysis experiments that reboxetine increases extracellular DA levels in the nucleus accumbens of mice lacking DAT. Although these authors relate this effect to the blockade of NET located on noradrenergic fibers innervating the nucleus accumbens, it cannot be excluded that part of this increase in extracellular DA levels is caused by an increased stimulation of cortical ␣1b-ARs by NE. Such a hypothesis may also explain why mice lacking DAT still self-administer cocaine, a potent inhibitor of NET (Giros et al., 1996; Rocha et al., 1998) . Similarly, the hyper-responsiveness to psychostimulants observed in mice lacking NET (Xu et al., 2000) may be linked to the coupling between noradrenergic and dopaminergic systems that we propose.
Role of noradrenergic neurons in the development of addiction
A role of noradrenergic neurons in addiction to opiates has already been suggested, because clonidine, an ␣2-adrenergic receptor agonist, alleviates opiate-withdrawal symptoms in humans and experimental animals (Delfs et al., 2000) . The stimulation of Figure 8 . Conditioned place preference induced by morphine in WT and ␣1b-AR KO mice. WT and ␣1b-AR KO mice were conditioned to receive morphine (5 mg/kg, s.c.) in a compartment and a saline injection in the other compartment. The saline group received saline injections in both compartments. N ϭ 6 -11 animals per group. Top, Left graph shows the time spent in the morphine-associated compartment before conditioning ( pre-test), after four morphine injections and four saline injections ( post-test 1), and after two supplementary morphine and two supplementary saline injections ( post-test 2). *p Ͻ 0.05 and **p Ͻ 0.01 when time spent in the drug compartment was different between pre-test and post-test 1 or 2 (paired Student's t test). On the right graph, scores correspond to the time spent in the morphine compartment during the post-test (1 and 2) minus time spent in the morphine compartment during the pre-test.°p Ͻ 0.05 when scores were higher for morphine-treated mice than for saline-treated mice (unpaired Student's t test). Bottom, Graphs show the locomotor activity measured during the 30 min of each of the 12 conditioning sessions corresponding either to morphine or to saline injection. ***p Ͻ 0.001 locomotor activity measured during the morphine session was higher than during the corresponding saline session (paired Student's t test).
␣2-adrenergic somatodendritic autoreceptors would inhibit the electrical activity of noradrenergic neurons. However, this indicates an involvement of noradrenergic neurons in the consequences of opiate abuse but does not implicate these neurons, nor ␣1-ARs, in the establishment of addictive processes. Moreover, some studies have led to the conclusion that noradrenergic neurons do not play a primary role in the reinforcing properties of psychostimulants. One of the evidence concerns the preserved locomotor response to D-amphetamine in NE-depleted animals (Ogren et al., 1983; Mohammed et al., 1986) . However, because it was suggested that DA could stimulate ␣1-ARs (U' Prichard and Snyder, 1977; Ruffolo et al., 1984; Paladini et al., 2001 ) and cortical NE and DA depletion abolished D-amphetamine-induced locomotor responses (A. S. Villégier, G. Blanc, C. Drouin, and J. P. Tassin, unpublished observation), it can be proposed that the DA released by D-amphetamine from the remaining cortical dopaminergic nerve terminals can compensate for NE depletion. Similarly, equivocal results have been obtained when prazosin was used to block behavioral effects of D-amphetamine or cocaine. Indeed, prazosin did not block cocaine discriminative stimulus or rate altering in some studies (Howell and Byrd, 1991; Berthold et al., 1992; Kleven and Koek, 1998; Kleven et al., 1999) , whereas prazosin did block the behavioral effects of cocaine in other studies (Poncelet et al., 1983; Tessel and Barrett, 1986; van Haaren, 1992; Sasaki et al., 1995; Spealman, 1995) . These varying effects can be related either to the peripheral antihypertensive properties of prazosin or to its difficulty entering brain (Hess, 1975; Trovero et al., 1992b; Stone et al., 2001 ). The use of mice lacking ␣1b-ARs allowed to unravel these observations. Actually, our findings may provide new insights to the problem of the great variability in the individual sensitivity to drugs of abuse observed on humans and animals (O'Brien et al., 1986; Piazza et al., 1989; Hooks et al., 1991; Shiffman, 1991) . ␣1b-ARs are physiologically stimulated by NE and locus coeruleus noradrenergic neurons are extremely sensitive to environmental stimuli (Aston-Jones and Bloom, 1981) . Genetic or epigenetic variations in the reactivity of noradrenergic neurons to environmental cues may affect the activation of VTA dopaminergic neurons and, more generally, the sensitivity to drugs of abuse. Similarly, because numerous studies indicate a strong link between glucocorticoids, corticotropin-releasing factor, and NE release (Valentino et al., 1993; Pavcovich and Valentino, 1997; Page and Abercrombie, 1999) , it cannot be excluded that the effects of glucocorticoids on VTA dopaminergic cells and drug abuse behavior (Piazza et al., 1989 (Piazza et al., , 1996 Marinelli et al., 1998; Sillaber et al., 1998) are mediated in part through locus coeruleus neurons.
